Premixed charge compression ignition (PCCI) combustion is capable of reducing nitrogen oxides (NO x ) and soot emissions simultaneously, while remaining high fuel efficiency. Whereas, PCCI combustion still faces the challenges of the control of ignition timing and the expansion of operating range. In this study, by coupling a multi-dimensional computational fluid dynamics (CFD) code and genetic algorithm (GA), the potential of high-load expansion by using late intake valve closing (IVC) was explored in a light-duty diesel PCCI engine. It was revealed that low fuel consumption, and low NO x and soot emissions could be achieved with the employment of retarded IVC timing, high EGR rate, boosted intake pressure, and optimized injection timing.
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Introduction
With more and more stringent emission standard, diesel engine is facing the pressure for further reduction of nitrogen oxides (NO x ) and soot emissions. As an effective strategy for simultaneous achievement of low emissions and high fuel efficiency, premixed charge compression ignition (PCCI) attracts increasing attentions in recent years. However, there are still several challenges for the application of diesel PCCI combustion in commercial vehicles, including the control of ignition timing, expansion of operating range to high and low loads, and high hydrocarbon (HC) and carbon monoxide (CO) emissions.
Although several previous studies have been performed to investigate the influence of late IVC on fuel efficiency and emissions of diesel PCCI combustion, the operating parameters were usually remained constant. Since the complicated ignition and combustion behaviors of diesel PCCI with the variation of operating parameters, it is necessary to explore the optimized strategy for further improvement of fuel efficiency and decrease of emissions. Moreover, in order to realize PCCI combustion in practical diesel engines, the operating range should be expanded to higher loads without serious engine knock and high NO x emissions. Therefore, generic algorithm was employed in this study for the optimization of all the operating parameters with the variation of IVC timing, and the expansion of the operating range of diesel PCCI combustion to high loads with late IVC was evaluated.
Engine Specifications and Computational Model
The engine tested in this study is a high-speed light-duty diesel engine. In order to realize diesel PCCI combustion, the compression ratio was reduced to 16.0:1, and an open-crate-type piston bowl was utilized. The detailed engine specifications are listed in Table 1 . Focusing on high-speed and high-load conditions, the operating conditions at 2400 rev/min and fueling rate of 19.6 mg/cyc were investigated. In order to simulate the working process of diesel PCCI, KIVA 3V [1] was employed, in which several sub-models were improved including droplet breakup model, droplet collision model, RNG k-ε turbulence model, spray/wall interaction model, etc. Chemkin III [2] was used as the chemistry solver, and a reduced n-heptane reaction mechanism [3] was applied to predict the ignition and combustion characteristics of diesel in PCCI combustion mode. For predictions of NO x and soot emissions, an extended Zeldovich NO x mechanism and a phenomenological soot model were employed. Due to limitation on space, more detailed description of the computational model could be found in our related work [4, 5] .
A multi-objective genetic algorithm (GA) was used to explore the optimal operating parameters in diesel PCCI combustion. The non-dominated sorting genetic algorithm II (NSGA-II) code [6] was utilized in the present work, in which a global optimization was conducted and local optimal solutions could be avoided. Five critical parameters, i.e., IVC timing, initial in-cylinder temperature and pressure, exhaust gas recirculation (EGR) rate, and start of injection timing (SOI) were simultaneously optimized to obtain low indicated specific fuel consumption (ISFC), and NO x and soot emissions. The range of the optimized parameters are listed in Table 2 . In order to avoid engine knock and incomplete combustion in the optimized designs, three constrains were introduced as illustrated in Table 3 . A total of 1020 cases were calculated, including 30 generations and 60 individuals in each generation.
For better understanding the effect IVC timing on in-cylinder flow and PCCI combustion, full engine cycle simulation with consideration of gas exchange process is usually needed. Whereas, as indicated in Table 4 , the computational time for the simulation with full 3D mesh is dramatically longer than that of sector mesh. Such long computational time makes it impossible to apply full 3D mesh in the simulation of engine optimization. It has been found in our previous study that both the in-cylinder swirl ratio and turbulence kinetic energy are not significantly affected by IVC timing, and only the in-cylinder temperature and pressure are considerably changed with IVC timing. Therefore, by introducing the in-cylinder temperature and pressure at IVC from the predictions of full 3D mesh as the initial conditions for the computation of sector mesh, the influence of IVC timing on PCCI combustion and emission characteristics could be satisfactorily reproduced using sector mesh. As shown in Figs. 1 and 2 , the incylinder pressure, heat release rate, NO x and soot emissions predicted by the sector mesh are in good agreement with those of the full 3D mesh. It can be seen that late IVC results in retarded ignition timing, and consequently decreased NO x and soot emissions due to the reduced combustion temperature and decreased local rich fuel/air mixture. Thus, the sector mesh was used in the GA optimization in this study for reduction of computational time. More about the validations of the computational model have been presented in Refs. [4, 5] . Fig. 3 shows all the citizens and Pareto solutions (i.e., optimal solutions) obtained from GA. It can be found that, with the evolution of populations, the solutions move to the Pareto solution with simultaneous minimization of ISFC, and NO x and soot emissions. The trade-off relationship between NO x and soot emissions, as well as that between ISFC and NO x can be easily identified in Fig. 3 . Compared to the baseline case, both the fuel consumption and emissions are significantly reduced in the Pareto solutions. The IVC and SOI distributions of the Pareto solutions are depicted in Fig. 4 . As can be seen, the optimal solutions can be evidently divided to three groups. For early IVC timing of -135 °CA ATDC, the optimal SOI timing is -20 and -50 °CA ATDC. SOI concentrates in the two specific timing is primarily caused by the spray target and spray/wall interaction for better fuel/air mixing. Whereas, when IVC timing is retarded to around -105 °CA ATDC, only late SOI timing is allowed. This is because retarded IVC leads to lower ambient temperature and pressure, so serious wall wetting occurs when advanced SOI is employed, which results in considerable decrease of fuel efficiency. In the optimal solutions, initial pressure and temperature increase with delayed IVC, and high EGR rate is always needed. Moderately retarding IVC timing effectively reduces both NO x and soot emissions and improve fuel economy. This is primarily caused by the delayed ignition timing, which provides more time for fuel/air mixing, and consequently reduce the local fuel-rich and high-temperature region, and heat losses. Overall, low fuel consumption and low NO x and soot emissions could be achieved with the employment of retarded IVC timing, high EGR rate, boosted intake pressure, and optimized injection timing.
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